The extracellular domain of the matrix protein 2 (M2e) of influenza viruses is highly conserved among all influenza A subtypes, making it a suitable target for a universal influenza vaccine. In this study, we demonstrated an enhanced immune response and protection of a chimeric M2e vaccine against influenza A viruses using our newly developed vaccine platform, the norovirus P particle, to present the M2e peptide. The 23-amino acid peptide was inserted into one of the surface loops of the P protein, resulting in 24 copies of M2e presented on each P particle. Significantly (P <0.001) increased antibody responses to M2e were observed in mice immunized with the P particle-M2e chimera compared with those immunized with the free M2e peptides. Mice immunized with the P particle-M2e vaccine were fully protected (100% survived) against lethal challenge of a mouse adapted human influenza virus PR8 (H1N1), while only low survival rates (< 12.5%) were found in mice immunized with the free M2e peptides or wild type P particle. In addition, the mouse sera collected after immunization with the P particle-M2e vaccine were able to block the binding of norovirus virus-like particle and P particle to histo-blood group antigen receptors. These results suggest that the P particle-M2e chimera can be used as dual vaccine against both noroviruses and influenza viruses.
Introduction
Influenza remains one of the most important infectious diseases with significant morbidity and mortality. Seasonal influenza epidemics hospitalize more than 200,000 people each year in the United States and kill 500,000 people worldwide [1, 2] . Although antivirals have been used to treat the influenza infection, vaccination remains the most cost-effective method for controlling the disease. Structurally, influenza A virus contains two exposed, highly immunogenic, but very variable proteins: hemagglutinin (HA) and neuraminidase (NA). New epidemic strains arise every 1 to 2 years because of selected point mutations in these two surface glycoproteins. The annual vaccine targeting these antigens would protect 70% to 90% healthy adults if the strains included in the vaccine match the circulating ones [3] . The major challenge is to predict the strains to use in the vaccine based on global surveillance of influenza epidemics by many laboratories around the world. In addition, it has become a huge burden to the vaccine industry to process and manufacture new vaccines timely before each flu season begins [4, 5] .
Influenza A viruses also encodes an integral membrane protein, M2 protein [6, 7] , which is 97 amino acids long and abundantly expressed on the surface of influenza A infected cells. The extracellular moiety of the M2 protein (M2e, 24 amino acids) is exposed on the membrane with 19 amino acids spanning the lipid bilayer. M2 forms homo-tetramers in the plasma membrane functioning as an ion channel, which is a target of amantadine and rimantadine, two antivirals against influenza viruses [8] . The M2e domain has been found to be highly conserved in most influenza A strains [9, 10] , making it an attractive target for a universal vaccine. However, due to its small size and apparently low immunogenicity [11] , a number of approaches, including multiple redundant copies, chemical conjugation and presentation by subviral particles, have been reported to enhance the immunogenicity of M2e for vaccine development [4, [12] [13] [14] . In this study, we described an additional M2e vaccine based on a new vaccine platform, the norovirus P particle, which has been demonstrated to be highly effective in presentation of a number of small to large peptides and protein antigens [15] .
Noroviruses are the most important cause of epidemic acute gastroenteritis affecting millions of people worldwide [16] [17] [18] [19] [20] [21] . The virus is encompassed by a protein capsid that is formed by a single major structural protein, the capsid protein (VP1). The capsid protein is composed of two major domains, the shell (S) domain forming the interior shell and the protrusion (P) domain constituting the arch-like protruding domain of the virus [22] . Expression of the P domain alone results in the P particle in both E. coli and yeast (Pichia pastoris) expression cultures [23, 24] . The P particle is formed by 24 copies of the P monomer. It revealed an octahedral symmetry with a diameter of ~20 nm and a molecular mass of ~840 kDa. The P particle is easily produced, extremely stable, and highly immunogenic. Therefore, it has been proposed as a vaccine candidate for human noroviruses [24] . In addition, it has recently been shown to be a good vaccine platform for antigen presentation. A number of small to large antigens have been successfully inserted into a surface loop on the protrusion of the P particle and immunization with the chimeric P particles in mice revealed significantly increased immune response to the inserted antigen and provided protection against viral challenge [15] . Since each P domain has three surface loops, insertion of a foreign antigen into these loops would result in 24 to 72 copies of the antigen on the surface of a P particle, which could greatly enhance the antigenicity and immunogenicity of the inserted antigens.
The P particle-M2e chimeric vaccine was constructed by insertion of the human influenza A M2e antigen into the loop 2 of the norovirus P particle. Mice developed significantly increased immune responses to M2e after immunization with this chimeric vaccine and 100% survived from a lethal challenge with influenza virus (PR8, H1N1). Furthermore, antibodies induced by the chimeric vaccine blocked norovirus Virus-like Particle (VLP) and P particle binding to Histo-Blood Group Antigens (HBGAs), the receptor of human noroviruses [25, 26] , suggesting an opportunity to develop a dual vaccine against both influenza and noroviruses.
Materials and Methods

Recombinant VA387 P particle-M2e construct
The previously made P particle expression vector with a cloning cassette (Spe I and Cla I/ EcoR V) [15] was used as the starting construct. This construct is composed of a vector pGEX-4T-1(GST Gene fusion System, GE Healthcare Life Sciences) containing norovirus VA387 [genogroup II, cluster 4 (GII.4)] P domain-encoding sequence and a cysteincontaining peptide. M2e peptide (SLLTEVETPIRNEWGCRCNDSSD) of human influenza virus [4] was inserted into the cloning cassette through a primer pair with Spe I and Cla I sites, CTAGTAGTCTTCTAACCGAGGTCGAAACGCCTATCAGAAACGAATGGGGGTGCA GA TGCAACGATTCAAGTGATAT/ CGATATCACTTGAATCGTTGCATCTGCACCCCCATTC GTTTCTGATAGGCGTTTCGACCTCGGTTAGAAGACTA. Briefly, the primer pair was denatured at 95°C for 10 minutes, annealed at room temperature for 10 minutes, and then ligated into Spe I/Cla I digested P particle vector. Positive colonies were sequenced to confirm the M2e insertion in the loop-2 of VA387 P protein.
Expression and purification of recombinant P particle-M2e chimeric proteins
Recombinant P particle-M2e protein was expressed in E. coli (BL21, DE3) with an induction of 0.25 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at room temperature (~23 °C) overnight as described elsewhere [24, [27] [28] [29] . Purification of the glutathione Stransferase (GST)-P domain-M2e fusion protein was performed using resin of Glutathione Sepharose 4 Fast Flow (GE Healthcare Life Sciences) according to the manufacturer's instruction. GST was removed from the target proteins by thrombin (GE Healthcare Life Sciences) cleavage either on bead or in solution (phosphate buffer saline, PBS, pH7.4).
Gel filtration chromatography
Gel filtration chromatography was carried out through an AKTA FPLC System (GE Healthcare Life Sciences) as described previously [23, 30] . Briefly, the affinity columnpurified proteins were loaded on a size exclusion column Superdex 200 (GE Healthcare Life Sciences) powered by an AKTA FPLC system (model 920, GE Healthcare Life Sciences). The molecular weights of the eluted fractions were calibrated by Gel Filtration Calibration Kits (GE Healthcare Life Sciences).
Vaccination and challenge
Specific pathogen-free female BALB/c mice were purchased from Harlan-Sprague-Dawley (Indianapolis, IN) and immunized at six weeks of age. The animals were housed in a temperature-controlled environment with 12 h light/dark cycles, and received food and water under the control of Veterinary Services of CCHMC (Cincinnati Children Hospital Medical Center). Fifty micrograms of purified chimeric P particle-M2e protein were administrated to the mice (n=8) intranasally without adjuvant or subcutaneously with Montanide ISA720 adjuvant (Seppic Inc, Fairfield, NJ). Mice received three doses separated by a two-week interval. For comparison of immune responses, synthesized free M2e peptide (22.5 micrograms per dose, 5 times higher than chimeric protein in molar amount), wild type VA387 P particle (same dose as chimeric protein) and PBS were immunized to mice (n=8, each group) intranasally as controls. Sera were collected from each mouse prior to the first immunization and two weeks after the third immunization. To evaluate the protective efficacy of the chimeric vaccine, mice were challenged with mouse adapted human influenza virus PR8 (H1N1) strain at a dose of 2 X 10 6 fluorescent focus forming units per ml (FFU/ml), a challenge dose that was approximately 100 LD 50 , three weeks after the third immunization. The challenge virus was administered intranasally in a volume of 50 μl, distributing the dose equally into both nostrils. The mice were anesthetized by using Isoflurane (Bulter Animal Health Supply, Dublin, OH, USA) during the virus administration. Survival rates and morbidity of mice following virus challenge were monitored daily for 14 days. Loss of 30% of body weight was used as the endpoint for euthanizing moribund mice.
Determination of antibody levels in sera
An enzyme immunoassay (EIA) was used to determine antibody titers of mouse antisera after immunization with the different antigens (see above). Synthesized free M2e peptides or purified wild type VA387 P particles were used as antigens for determination of the antibody against influenza M2e or P particle platform, respectively. The starting dilution of the sera was 1:100 and 2 fold serial dilutions were performed until the OD 450 reached the end-point (OD 450 of 0.2). Ninety-six well microtiter plates (Dynex Immulon; Dynatech, Franklin, MA) were coated with antigens (100 ng/well) at 4°C overnight. After blocking with 5% nonfat milk in PBS (pH 7.4), antisera at indicated dilutions were added to the coated plates. The bound antibody was detected by the secondary antibody-HRP conjugate as described elsewhere [25] . HRP-conjugated goat anti-mouse IgG, IgG1 and rabbit antimouse IgG2a, 2b were purchased from MP Biomedicals (Solon, OH, USA). Sera from animals immunized with wild type P particle or PBS were used as controls. Antigen-specific antibody titers were defined as the endpoint dilution with a cut off signal intensity of 0.2.
HBGA binding and blocking assays
The saliva-based binding and blocking assays were carried out as described elsewhere [25, 26, 31] . Briefly, boiled human saliva samples with known HBGA phenotypes collected from Cincinnati, Ohio, USA were diluted 1000-fold and used to coat 96-well microtiter plates (Dynex Immulon; Dynatech, Franklin, MA). After blocking with 5% nonfat milk in PBS, Yeast expressed VLPs or E.coli expressed P particles of norovirus (VA387, GII.4) were added. The bound VLPs/P particles were detected using a guinea pig anti-VA387 VLP antiserum (1:3000), followed by the addition of HRP-conjugated goat anti-guinea pig IgG. The blocking effects of the mouse sera collected after immunization with the P particle-M2e chimera on the norovirus VLP/P particle-saliva binding were measured by a pre-incubation of VLP/P particle with diluted sera for 1 hour at 37°C before the VLP/P particle was added to the coated saliva. Equally pooled mouse sera from different groups were used for the blocking assay. The blocking rates were calculated by comparing the optical densities (ODs) measured with and without blocking by the mouse sera of immunized animals. The ODs of unblocked binding of P particles to saliva were 0.3 (type H), 1.1(type A) and 1.2 (type B), respectively. The ODs of unblocked binding of VLPs to saliva were 0.5 (type H), 0.8(type A) and 0.9 (type B), respectively. The sera from PBS immunized animals were used as negative controls.
Graphics and Statistical analysis
Graphics were made using Microsoft Office Excel 2010 and P values were determined by ANOVA or Chi-square test among data groups by GraphPad Prism 5 for windows (GraphPad Software, San Diego, CA).
Ethics Statement
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the Cincinnati Children's Hospital Research Foundation (Animal Welfare Assurance no. A3108-01).
Results
The chimeric P domain-M2e protein forms P particle
The coding sequence of the human influenza A M2e consensus peptide was inserted into Loop-2 of the P domain of a human norovirus strain (VA387, GII.4), which was extensively studied for antigen presentation in our previous studies [15, 23, 24] (Fig. 1-A) . The chimeric P domain-M2e protein was produced as a GST-fusion protein (~64 KDa, Fig. 1-B ) in E. coli with a high yield (> 10mg/liter of culture). Following a thrombin digestion of the GSTfusion protein, the P domain-M2e protein (~ 38 kDa) was released from GST tag and was easily purified by the GST affinity column (Fig 1-B) . To confirm the P particle formation, a gel filtration chromatography of the chimeric P domain-M2e protein was performed (Fig. 2-A) and the peak fractions were analyzed by SDS-PAGE (Fig. 2-B) . The results showed that the vast majority (>95%) of the chimeric proteins formed a defined peak at ~910 KDa, indicating that the chimeric protein formed P particles like those obtained in our previous studies in presentation of variable small peptide antigens [15] . An estimated 2 mg of purified P particle-M2e protein was obtained from one liter of E. coli culture.
P particle-M2e chimera enhanced immune response to M2e in mice
The immune responses to the P particle-presented M2e were examined in mice (n = 8). Significantly higher titers of M2e-specific IgG, IgG1 and IgG2b were detected in the animals following immunization of the P particle-M2e vaccine either intranasally without an adjuvant or subcutaneously with the SA-720 adjuvant in comparison with mice immunized with the free M2e peptide (P <0.001), while M2e specific IgG2a was not detectable (Fig. 3-A) . In fact, only marginal M2e-specific antibody was detected in the animals immunized with free M2e peptide, because free peptide is known as an inefficient immunogen. These data indicated a significant immune enhancement of M2e presented by the P particle. In addition, higher titers of IgG, IgG1, IgG2a and IgG2b against VA387 P particle were also detected in the mice immunized with either the wild type P particle or P particle-M2e chimera (Fig 3-B) , confirming the high immunogenicity and antigenicity of the P particle [15, 24] . It was noted that IgG1 was the major component in the IgG subclasses, while a higher IgG2b, compared to IgG2a, was detected after immunization with both P particle and P particle-M2e chimera.
The P particle-M2e chimeric vaccine protected mice from a lethal challenge of influenza virus
We then studied the protective efficacy of the P particle-M2e chimeric vaccine in mice using a mouse adapted human H1N1 influenza (PR8) challenge model. After three times immunizations with the P particle-M2e vaccine and confirmation of the antibody response to M2e, the mice were challenged with a lethal dose of human H1N1 influenza virus (PR8). The mice vaccinated with the P particle-M2e chimera, either intranasally or subcutaneously, lost 5-10% of the body weight between days 3 and 6 after challenge, then recovered from the virus challenge and gained weight during the rest of the observation period. However, the mice immunized with PBS, free M2e peptide and wild type P particle started to lose weight on day 2 and lost 25-30% body weight by day 7 (Fig. 4-A) . Notably, P particle-M2e vaccination provided full protection (100% survival) for the mice against the lethal dose challenge of influenza virus. By contrast, mice in the control groups vaccinated by free M2e peptide, the wild type P particle, or PBS showed only low survival rates (≤12.5%) (Fig. 4-B) . The differences of body weight change on day 7 and survival rate between P particleM2e immunized groups and control groups were statistically significant (P <0.01). Taken together, the P particle-M2e chimeric vaccine successfully protected mice from a lethal challenge of a H1N1 influenza virus.
The P particle-M2e chimera induced antibody blocked norovirus binding to HBGA receptors
The immune response of mice to the P particle platform of the chimeric vaccine was also examined. As indicated in Fig 3-B , the P particle-M2e induced high antibody response against norovirus P particles. These antibodies were able to block norovirus VLP and P particle binding to HBGA receptors (Fig 5) . Due to the lack of a cell culture and a small animal model for human noroviruses, the blocking activity of antibody on the binding of norovirus VLP or P particle to HBGAs is referred as an indirect indication of neutralization of noroviruses [15, 20, [31] [32] [33] [34] . EIA-based blocking assays showed that the sera resulting from both intranasal and subcutaneous immunization of the P particle-M2e chimeric vaccine strongly blocked the VA387 P particle or VLP binding to type A, B and H antigens in the saliva (Fig. 5-A and B) , similar to the sera from the animals given the wild type P particles. No detectable blockage was found from the sera from mice immunized by free M2e peptide. These results indicated that the P particle-M2e chimera could serve as a dual vaccine against both influenza and noroviruses.
Discussion
In our previous studies we have demonstrated the potential usefulness of the norovirus P particle as a vaccine platform in presentation of a number of small and large antigens, including the rotavirus surface protein VP8 with 159 amino acids. The resulting P particles -VP8 chimera induced strong immune responses and protected mice against a challenge of a mouse rotavirus [15] . The study described here provides further example of the usefulness of the P particle as a carrier for immune enhancement of small antigens. Insertion of the M2e epitope into one of the surface loops did not affect the P particle formation and the epitope was well presented as indicated by significantly increased immune responses of mice after immunization with the P particle-M2e vaccine compared to the mice immunized with the free M2e peptide. P particle-M2e vaccination completely protected the mice against a lethal challenge of a mouse adapted human influenza virus (PR8), further suggesting that the P particle is a useful platform for antigen presentation for vaccine development.
The norovirus P particle has been proposed as a subunit vaccine candidate against noroviruses owing to the fact that it preserves the surface antigens of noroviruses and that it is easily produced, very stable and highly immunogenic [23, 24] . The availability of the three surface loops of each P domain makes the P particle a unique vaccine platform for highly efficient antigen presentation. It has been reported that significantly higher immune response can be obtained by increasing the copy number of M2e per vaccine molecule through chemical conjugation, synthesis of tandem repeats, or multiple presentation on carriers [4, [12] [13] [14] . The norovirus P particle consists of 24 copies of the P domain and thus every P particle -M2e chimera contains 24 copies of M2e on its surface. It would be interesting to explore whether further improvement of the immune enhancement could be reached by taking advantage of all three available surface loops of the P particles. A study to evaluate such multiple presentations, including co-presentation of the M2e epitope with universal T cell helper epitopes, is ongoing in our laboratory.
In this study, we tested vaccination efficiency of the P particle-M2e vaccine through the intranasal route without adjuvant or subcutaneous route with an adjuvant. A high level of immune response and protection in mice against influenza virus infection was observed using either route. Compared to the subcutaneous route with adjuvant, intranasal immunization without adjuvant resulted in higher antibody titers against M2e. This result suggests that the P particle could serve as a good vaccine platform for mucosal immunization against infectious disease like influenza. The significantly higher immune responses induced by the P particle -M2e chimera than that induced by free M2e peptide suggests that the P particle may function as an adjuvant in the P particle-M2e vaccination possibly because of its large size (830 KDa). This property may allow a vaccine without an adjuvant which would be significant for mucosal immunization. This is particularly important for intranasal vaccination because of the safety concern of using an adjuvant with this route. We also observed a high level of antibody response against the P particle backbone following immunization with the P particle-M2e vaccine and the resulting mouse sera strongly blocked norovirus VLP and P particle binding to HBGA receptors. This suggests a potential dual vaccine of the P particle-M2e chimera against both norovirus and influenza. The concept of utilizing the P particle platform to develop a dual vaccine against both noroviruses and rotaviruses has been recently introduced and are being tested in our laboratory [15] . The significance of P particle-M2e vaccine is that both influenza and noroviruses are highly active and can cause large epidemics in the fall-winter seasons. While it remains unknown whether large-scale seasonal vaccination is needed for prevention of norovirus outbreaks, seasonal immunization against influenza viruses using the P particleM2e vaccine might impact positively on the norovirus epidemics. This concept may be further extended to develop broadly effective vaccines against multiple infectious diseases in addition to influenza, noroviruses and rotaviruses, using a cocktail of P particle carrying different antigens.
One concern with the P particle-M2e vaccine is the potential interference of pre-existing norovirus-specific antibody in the population. It is known that human noroviruses are widely spread and there is a high prevalence of antibody to noroviruses in the general population. This may decrease the immune responses to this type of vaccine. While a study to address this concern is needed, the results obtained from a similar study on the hepatitis B antigen presented M2e vaccine may provide useful information [5] . It was demonstrated that the pre-existing hepatitis B immunity did not affect the immunogenicity and protective efficacy of hepatitis B presented M2e vaccine in the mouse model.
In looking at the antibody responses, we examined different IgG subclasses in addition to total IgG to determine the major IgG class of antibody in the sera. The IgG1 titer was found to reach a similar level as the total IgG (Fig. 3A and B) , which means a strong Th2 type response to both P particle and M2e has been elicited and IgG1 might play an important role in the protective immunity. Lower IgG2a and higher IgG2b against the P particle were also detected in the mice immunized with both wild type P particle and P particle-M2e chimera. M2e-specific IgG2a was not detectable, while IgG2b against M2e was detected at a low titer, indicating the Th1 immune response was relatively low. It is reported that the M2e-specific serum antibodies are crucial for protection against influenza infection, although the role of the T-cell mediated responses cannot be ruled out. Both murine anti-M2e IgG1 and IgG2a/2b isotypes protected mice from influenza A virus challenge [35] . In our study, the M2e-specific IgG2a and IgG2b could be enhanced by adding a universal T-cell epitope to generate a vaccine that can induce a balanced Th1/Th2 type immune response [36, 37] .
In conclusion, we have described a vaccine that significantly improves the immunogenicity of M2e and provides a fully protective immunity in mice against a lethal influenza A virus challenge. The vaccine is generated by insertion of the human influenza M2e epitope into norovirus P particle through genetic engineering. The chimeric P particles are easily produced using the E.coli expression system. The M2e epitope is well presented on the surface of the particles, which may be similar to those on the influenza virus or on infected cells. The vaccine can be administered subcutaneously with an adjuvant or intranasally without adjuvant. The antibodies can block the norovirus binding to HBGA receptors. It is possible that the vaccine can be further improved by the inclusion of a universal T-helper or insertion of more copy numbers in the same or different loops of the P particle. Production and analysis of the P domain-M2e chimera. (A) Expression construct of the P domain-M2e chimera. A cloning cassette (Spe I/Cla I/EcoR V) was constructed in loop-2 of the VA-387 P domain. The M2e peptide was inserted in loops 2 between Spe I and Cla I sites. pGEX-4T-1 is an expression vector of the GST-Gene Fusion System. The circled C represents a cystein containing peptide (CDCRGDCFC) at the C terminus of the P domain to stabilize P particle formation. (B) Production and purification of the P domain-M2e chimera. SDS PAGE analysis revealed that GST-P domain-M2e fusion protein (GST fusion) is ~64 kDa. Digestion of the fusion protein in solution by thrombin resulted in GST (~26 kDa) and the P domain-M2e chimera (~38 kDa). The P domain-M2e chimera can also be released from the purification beads by a thrombin digestion. M was prestained protein marker (low range, Bio-Rad) with bands from top to bottom representing 112, 92, 51, 36, 29, 20 kDa, respectively. P particle formation of the P domain-M2e chimera characterized by a gel filtration chromatography. (A) The elution curve of a gel filtration chromatography of the thrombinreleased P-domain-M2 protein using the size exclusion column Sperdex 200. Peaks representing void, P particle-M2e, P dimer-M2e and peak-3 were indicated, respectively. (B) The peak fractions of the gel filtration chromatography were analyzed by SDS PAGE, the fractions representing three peaks are indicated. The P particle-M2e chimeric vaccine protected mice against a lethal challenge of mouse adapted human H1N1 influenza (PR8). After three time immunizations, mice (n=8) were challenged with PR8 virus intranasally at the dose of 2X10 6 FFU. PBS, wild type P particle and free M2e peptide were used as negative control. (A) Changes in body weight after virus challenge. (B) Mouse survival rate (%) after virus challenge. The body weight and survival rate were monitored daily for 14 days. Blocking effects of mouse sera on norovirus (VA-387) P particle and VLP binding to HBGA receptors. Sera from the mice after immunization with P particle-M2e intranasally or subcutaneously were examined for blocking activity to P particle or VLP binding to HBGA receptors. Mouse sera after immunization of the wild type P particle served as positive controls and sera from PBS or free M2e immunized mice served as negative controls. (A) Blocking effects of mouse sera on norovirus P particle binding to HBGA receptors. (B) Blocking effects of mouse sera on norovirus VLP binding to HBGA receptors. X-axes, dilution of mouse sera (folds); Y axes, percentage of blocking (%).
